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INTRODUCTION
Current and upcoming remote sensing missions (including NASA's OCO-2 and ASCENDS) have necessitated high-precision studies to retrieve accurate lineshape parameters in the 4ν 2 + ν 3 band [(20013) ← (00001)] centered at 2.06 μm. 1-3 The (20013) ← (00001) band, along with two other bands, (20012) ← (00001) and (20011) ← (00001), form the Fermi triad of CO 2 bands spanning 4700-5200 cm −1 . Since these missions have set a target precision of 0.25%, we studied non-Voigt lineshape effects to achieve a reduction in uncertainties of the retrieved spectroscopic parameters to below the 1% limit of the Voigt profile (VP). 4 It is well established from high resolution molecular spectroscopy that the Voigt profile is inadequate to properly describe high-precision measurements of CO 2 lineshapes. [5] [6] [7] [8] [9] [10] [11] [12] [13] Recently, Casa et al. 10 used laser absorption spectroscopy to measure CO 2 lineshapes of the ν 1 + 2ν 2 + ν 3 band [(20012) ← (00001)] at 2.0 μm. By recording spectra with high resolution (≈1 MHz) and high signal-to-noise ratios (≈10000:1), they were able to resolve non-Voigt features. However, the line profiles employed in their analysis -Voigt, Galatry, Nelkin-Ghatak, speed-dependent Voigt, correlated Galatry and Nelkin-Ghatak profiles -could not completely model their spectra. More recently, Long et al. 11 20 This suggests a possible limitation in the analysis by Casa et al. 10 We extend this analysis to the 2.06 μm CO 2 band region to reconcile these observations.
SPECTRUM ANALYSIS
The purpose of this experiment is to quantify the physical effects governing the lineshapes of CO 2 in the (20013) ← (00001) vibrational band centered at 2.06 μm. The simplest profile considered here is the Voigt profile, which is the convolution of Gaussian (Doppler-broadened) and Lorentzian (pressure-broadened) profiles. Moreover, the complex Voigt profile (I VP ) has been defined previously. 21, 22 When collisions with a perturber gas occur, other non-Voigt phenomena can arise. The first effect is Dicke (collisional) narrowing, which arises from velocity-changing collisions that effectively reduce the Doppler broadening contribution. 23 Rautian and Sobelman 24 incorporated Dicke narrowing by treating velocity-changing collisions as a combination of soft and hard collisions. Furthermore, assuming limiting cases that collisions are either soft or hard gives rise to the Galatry 25 (GP) and Nelkin-Ghatak 26 (NGP) profiles, respectively. The soft-collision model treats absorber motion as a diffusional process, whereas the hard collision model assumes a complete loss of velocity memory of the absorber after collisions. Although this assumption from the latter is non-physical, it results in the following convenient analytic form of the NGP in terms of the VP given by 24, 26 
where u = (ω − ω 0 )/ω D is the reduced frequency, z = ν opt /ω D is the reduced effective frequency of the velocitychanging collisions, ν opt , and I VP * is I VP with the Lorentzian frequency halfwidth Γ (half width at half maximum -HWHM) expressed by a reduced variable g = Γ /ω D replaced by g + z, following the notation from Ref. 23 . ω D is related to the Doppler frequency halfwidth, Γ D (HWHM), by the equa-
In both the GP and NGP profiles, the relevant variable for fitting is the collisional narrowing parameter, β, which is a function of pressure, p, in terms of the collisional narrowing frequency ν opt : β(p) = ν opt /p. It is important to note that both the GP and NGP profiles assume uncorrelated collisional perturbations (i.e., the collisions affect either molecular dephasing or velocity changes, but not both simultaneously). 27, 28 In addition to collisional narrowing (which causes symmetric changes in the lineshape if correlations between dephasing and velocity-changing collisions are neglected), collision time asymmetry [29] [30] [31] (which occurs when collisions are not treated as instantaneous) and line mixing 32, 33 can introduce dispersion asymmetry in the lineshape center and near wings. 34 Finally, one must also consider the influence of speed-dependence of collisional broadening and line shifting on the resulting lineshape. [35] [36] [37] This effect generally causes a narrowing of the pressure-broadened line profile in addition to line asymmetry caused by speed dependence of line shifting. When such speed-dependent effects are considered, either the speed-dependent Voigt 35 (SDVP, Eq.
(2)), speed-dependent Galatry (SDGP), 38 or speed-dependent Nelkin-Ghatak 39 (SDNGP, Eq. (3)) profiles are commonly used. Importantly, the SDGP and SDNGP include collisional narrowing, whereas the SDVP does not. The SDVP and SDNGP are given by 40
and
In Eq. (2) d = /ω D is the reduced collisional shift, , and B S (x) and B W (x) are dimensionless functions for the reduced speed-dependent shifts and widths, respectively, and x is the reduced absorber speed (the ratio of the actual to the most probable speed). It was previously shown that if the interaction potential for the absorber-perturber pair is given by an inverse power relationship, C/r q , the expressions for B S (x) and B W (x) can be written in terms of confluent hypergeometric functions. 35, 36 A common quadratic approximation is used to simplify these reduced speed-dependent functions with respect to the speed-dependent width and shift parameters (a W and a S , respectively, which are also used as fitted parameters), 41, 42 shown more explicitly as
Here, Γ (v A ) and (v A ) are the collisional widths and shifts as a function of absorber velocity, v A . One may easily show that for systems containing more than one perturber, total reduced speed-dependent functions B W (x) and B S (x) are also given in the quadratic form. In this case, the a W and a S parameters for a gas mixture are weighted averages of the corresponding parameters for individual perturbing gases. 43 Finally, when correlations between velocity-changing and dephasing collisions 24 are important, a partially correlated speed-dependent profile (pCSDNGP), introduced by Pine 15 can be used. This profile, I pCSDNGP (u), is expressed in the same way as Eq. (3), 44 but differs in the definition of the complex narrowing parameter, ν opt . 24, 27, [45] [46] [47] In the I pCSDNGP (u), ν opt is given by
where the velocity dependence of Γ and parameters was neglected. 27 ν diff is the frequency of velocity-changing collisions calculated from the mass diffusion coefficient. The real and imaginary parts of ν opt are designated as Re(ν opt ) and Im(ν opt ), respectively. The correlation parameters, η and η , correspond to collisional broadening and shifting, respectively. In the case of no correlation, η Γ and η parameters are equal to zero and ν opt = ν diff .
For the CO 2 -air system probed in this experiment, the ratios of the perturber (O 2 and N 2 ) to absorber (CO 2 ) mass are m O2 /m CO2 = 0.73 and m N2 /m CO2 = 0.64; therefore, the absorber is only slightly heavier. Using the diffusion coefficient of CO 2 in air D = 0.159 cm 2 s −1 (p = 101.325 kPa, T = 296 K), 48 the mean-free-path of CO 2 can be calculated as l mfp = 3D/v, wherev is the relative mean velocity of the perturber-absorber pair. For T = 296 K, p = 26.7 kPa, the mean-free-path of CO 2 is calculated to be l mfp = 0.341 μm, which is much smaller than the optical wavelength of 2.06 μm. This suggests that collisional narrowing must also be considered. To facilitate studies of isolated lineshapes, measurements were made at sufficiently low pressures (i.e., 7 kPa-28 kPa) such that line mixing effects could be neglected. Nevertheless, all other stated effects are accessible in this pressure range.
EXPERIMENT
Measurements were performed using a 2.06 μm frequency-stabilized cavity ring-down spectrometer (FS-CRDS) located at the California Institute of Technology (see Fig. 1(a) ). The spectrometer is based on the design of Hodges Once the transmitted light intensity reaches a threshold, a DDG shuts off the light to initiate the ring-down. Light from a frequency-stabilized HeNe laser is counter-propagated through the cavity and is used to stabilize the cavity's length. (b) Allan deviation plot for the 2.06 μm FS-CRDS spectrometer. The x-axis displays the number of ring-down traces (acquired at an acquisition rate of ≈20 Hz), n d , at a given frequency. The y-axis gives the Allan deviation corresponding to the baseline losses. For typical experimental conditions, 100 ring-down traces were acquired, corresponding to a minimum detectable absorption of ≈4 × 10 −10 cm −1 . et al. [49] [50] [51] Briefly, the ring-down cavity was actively locked to a temperature-stabilized HeNe laser with an optical frequency stability of 100 kHz (8 h). The probe laser was a distributedfeedback diode laser (≈3 mW power) centered at 2.055 μm. The fiber-pigtailed output was sent through a fiber-optic isolator and then into a fiber-coupled acousto-optic modulator (AOM). The 1st order output from the AOM was free-space coupled via a single focusing lens (f = 500 mm) into the ring-down cavity. The 0th-order output was free-space coupled into a wavelength meter with a standard uncertainty of 30 MHz. Light exiting the ring-down cavity was focused onto an adjustable-gain, extended InGaAs detector with a maximum bandwidth of 1 MHz.
For these experiments, the ring-down mirrors had dichroic coatings: reflectivity R ≈ 99.99% at 2.06 μm, corresponding to a vacuum finesse of ≈31 000, and R ≈ 95% at 0.633 μm. As many as 100 ring-down traces of τ ≈ 26 μs were acquired using a fast fitting algorithm 52 at a rate of 20 Hz-30 Hz and averaged at each wavelength, corresponding to a minimum detectable absorption coefficient of ≈4 × 10 −10 cm −1 (see Fig. 1(b) ). The cavity's free spectral range (FSR) was measured by the method of Lisak and Hodges 53 to be 203.890(82) MHz. This pressure-corrected value sets the frequency spacing between the spectrum data points.
The gas sample was composed of CO 2 in air with a mixing ratio of ≈90 μmol mol −1 at pressures of 7 kPa-27 kPa as measured by a capacitance manometer (full-scale range of 133.32(13) kPa). The air content contained 20.9% oxygen with the remainder being nitrogen. The cavity temperature was monitored by a 2.252 k thermistor and displayed short-term (i.e., the time required to record a single spectral line) fluctuations less than 100 mK. All measurements were performed within the temperature range of 295.4 K-296.1 K. Since this value is close to the HITRAN reference temperature of T ref = 296 K, 54 the uncertainties in the temperature corrections to the air-broadening coefficients were negligible compared to the fit uncertainties.
RESULTS AND DISCUSSION
In this section we present the results from a thorough lineshape analysis for two selected air-broadened lines from the (20013) ← (00001) CO 2 band centered near 2.06 μm, specifically the R(24) line at 4871.791 cm −1 and the R(30) line at 4875.749 cm −1 . The CO 2 -air mixture pressure range was 48.1-210 Torr (6.5-28 kPa) for the R(24) line and 48.1-180.3 Torr (6.5-24 kPa) for the R(30) line. The R(30) line was chosen because it is a potential target for the ASCENDS 3 mission, while the R(24) line is more ideal for lineshape analysis because of its isolation from isotopic interferences. The two selected lines are shown in Fig. 2 . Note that for the R(30) line at 4875.749 cm −1 , a 13 CO 2 isotopologue in the right wing presents the main interference with a line intensity that is 6.2% of the main isotopologue transitions. 54 Beyond the normally used Voigt profile, we have incorporated into our lineshape analysis more advanced profiles that take into account line narrowing effects as well as lineshape asymmetries. For each of the fits, the Doppler widths were calculated from the known temperature around 296 K and were held fixed. In addition, the collisional shifts were set to the HITRAN2012 54 values found in Table I . Residuals from the single-spectrum fit analysis for the different lineshape models are presented in Fig. 2 for four intermediate pressures. The VP gives the worst fit with the residuals exhibiting a large systematic feature indicative of line narrowing. Upon including Dicke narrowing (i.e., the GP and NGP fits), the large residuals observed with the VP disappear. Similar results were obtained for the SDVP fit which uses a different mechanism of line narrowing, namely, the speed dependence of collisional broadening. For a better comparison of the fit results provided by the different lineshape models, we introduced a quality of fit factor for multi-spectrum fits, 20 QF multi , defined as the ratio of the peak absorption signal for the spectrum having the highest absorption, Max j {α max,j − α min,j }, to the standard deviationS R multi of the fit residuals calculated from all of the spectra included in the multispectrum fit:
In the above expression, α max,j is the maximum absorption coefficient and α min,j is the baseline level of the absorption spectrum for the jth spectrum.S R multi is the standard deviation of the fit residuals calculated from the formulã
where N is the number of spectra taken included in the multispectrum fit, M j is the number of points in the jth spectrum (j = 1, . . . , N) and N j =1 M j − k is the total number of degrees of freedom with k lineshape parameters fitted in the multi-spectrum fit procedure. The terms α exp (ν ji ) and α fit (ν ji ) are experimental and fitted absorption coefficients, respectively, for the ith measurement point in the jth spectrum.
Based upon the residuals from single-spectrum fits, we observed that Dicke narrowing and speed-dependent effects describe the narrowing mechanism of the CO 2 lineshapes equally well. In addition, under conditions of low and intermediate ratios of the collisional width, Γ , to the Doppler width, Γ D , the lineshape affected by the speed dependence of collisional broadening can often be well modeled by the Dicke narrowed profile. 41, 55 Unfortunately, this treatment leads to a nonlinear pressure dependence of the narrowing parameter Re(ν opt ) 14, 56, 57 in this intermediate case (i.e., 1 < Γ /Γ D < 5). This nonphysical result can be seen in the R(24) NGP fit shown in Fig. 3(a) .
On the other hand, a reduction of the observed a W parameter with pressure in the SDVP fits, presented in Fig. 3(b) , suggests that Dicke narrowing also contributes to the shape of both the R(24) and R(30) lines. Consequently, the data were also analyzed with the SDNGP, which includes both of these narrowing effects. Residuals from this single-spectrum TABLE I. Lineshape parameters for the R(24) and R(30) lines obtained from the pCSDNGP multi-spectrum fit analysis at T avg = 295.72 K. Line positions, ν 0 , and collisional shift coefficients, /p, used in the data analysis are taken from measured values by Toth et al., 69, 70 which are found in the HITRAN database. The stated uncertainties of the lineshape parameters arise from the uncertainty in the fit. The correlation parameters, η and η , obtained from the pCSDNGP profile are stated in the text. FIG. 3. Pressure dependence of the frequency of optical collisions, Re(ν opt ), and speed-dependence parameter, a W , parameter obtained for the R(24) line from the NGP, GP, and SDVP single-spectrum fits, respectively. The green line is the frequency of optical collisions, ν diff , calculated from the mass diffusion coefficient. The blue line is a linear fit to data. Note that the given error bars arise only from the uncertainty in the fit, and that the additional scatter in the data is from instrumental effects.
fit analysis with the SDNGP are presented in Fig. 2 , and are similar to those obtained when using the GP, NGP, and SDVP. Moreover, we noticed that the incorporation of the speed dependence of collisional shifting (which describes lineshape asymmetry) into the fits with the SDNGP and SDVP led to a further improvement of the residuals. It should be noted, however, that flat residuals obtained from these single-spectrum fits do not guarantee proper interpretation of the lineshape effects in the measured spectra. Systematic instrumental errors may affect the shape of the investigated lines and can be well masked by nonlinear pressure dependencies of the fitted lineshape parameters as well as lineshape asymmetries. Also in the case of relatively complex profiles like the SDNGP, numerical correlations between the different lineshape parameters can become important and lead to a large scatter in the obtained results. It will be shown later that a multi-spectrum fit analysis 58 helps to overcome these problems. 59, 60 We note that the choice of line profile not only affects the fit residuals but also has a strong effect upon the resulting fitted parameters. In Fig. 4 deviations in the collisional widths and areas obtained for the R(24) and R(30) lines from the single-spectrum fit analysis with the VP, GP, NGP, and SDVP relative to the SDNGP are shown. The VP fit differs by as much as 5% and 1.2% from the SDNGP for the collisional width and area, respectively. The maximum deviations of the GP, NGP, and SDVP from the SDNGP for the collisional widths and areas are of the order of 0.7% and 0.2%, respectively. Moreover, the VP fit results do not converge with the other profiles even at high pressures, which indicates that the VP is not suitable for high accuracy measurements. This finding is consistent with previous observations by Long et al. 11 for CO 2 lines near 1.6 μm as well as for other systems. 16, 19, 57, 59, 61, 62 As shown in Fig. 2 , the single-spectrum fit analysis with the SDNGP can reproduce the investigated spectra down to the instrument noise level. However, the large scatter in the fitted values for the Re(ν opt ) and a W parameters presented in Fig. 6 indicate that they may be correlated. This competition of speed dependence of collisional broadening with collisional narrowing, particularly at low pressures, has been reported in a number of previous studies. 11 A solution to remove correlation between the Re(ν opt ) and a W parameters is to incorporate a multi-spectrum fit procedure 58 into the lineshape analysis. 44, 59, 60, 63, 64 Therefore, we performed simultaneous fits to the nine spectra from 6.5-28 kPa for the R(24) line and eight spectra from 6.5-24 kPa for the R(30) line with a few necessary constraints. First, the collisional widths and frequencies of optical collisions were constrained to be linear with pressure according to the relations Γ (p) = γ p and ν opt (p) = βp, where γ and β are the collisional broadening and collisional narrowing coefficients, respectively, fitted in the multi-spectrum analysis. Moreover, in the case of the speed-dependent profiles, singular values for the a W and a S parameters were fitted for all pressures to assure their pressure independences. Due to the small fluctuations of CO 2 concentration in the CO 2 -air mixture, the spectral areas were fitted individually for each pressure. Figure 5 shows the representative residuals from the multi-spectrum fit analyses for the R (24) and R (30) lines. Similar to the single-spectrum fit analysis, the VP gave the worst results. However, contrary to the single-spectrum analysis, the fits residuals for the profiles which describe different mechanisms of line narrowing are now distinguishable. Comparing the QF multi for the GP and NGP, it appears that the soft collision model better describes the line narrowing effect for both investigated lines. On the other hand, the large improvements in the QF multi for the SDVP without the speed dependence of collisional shifting (a S = 0) by as much as 12% and 8% for the R(24) and R(30) lines, respectively, com-pared to the GP suggest the dominant contribution of speed dependence of collisional broadening into the total narrowing of these lines. It was also observed that the incorporation of Dicke narrowing improves the QF multi compared to the SDVP (with a S = 0). In addition, the incorporation of the speed dependence of collisional shifting in the SDVP and SDNGP analysis improved the residuals and led to a further increase of the QF multi . However, the contribution of speeddependent asymmetry into the shape of the R (24) and R(30) lines appears to be weaker for the multi-spectrum fits than for the single-spectrum ones.
A comparison of the differences between the QF multi improvements obtained from SDNGP fits with (a S = 0) and without (a S = 0) speed-dependent asymmetry in the case of the single-and multi-spectrum fit analysis gave the following results: 15% and 7% for the R(24) line and 7% and 4% for the R(30) line, respectively. These differences suggest that the observed lineshape asymmetry is caused partially by instrumental effects and is integrally simulated by the speed-dependent asymmetry in the single-spectrum fit analysis. Note also that the asymmetry differences between singleand multi-spectrum fits are larger for the R(24) line, which are attributed to a larger contribution of instrumental errors to the total line shape.
As previously shown by Lisak et al., 63 the utility of multi-spectrum fitting in advanced lineshape analysis can be demonstrated from a simple test of the fitted parameters. From  Fig. 6 , the large pressure variations of the Re(ν opt ) and J. 6. A test of the multi-spectrum fit parameters for Re(ν opt ) and a W . The black points represent the parameter values obtained from the SDNGP singlespectrum fit analysis. Numerical correlations between Re(ν opt ) and a W parameters are evident from the large scatter. The red dashed lines are the Re(ν opt ) and a W values yielded by the SDNGP multi-spectrum fit. The blue diamonds in graph (a) correspond to Re(ν opt ) from the SDNGP multi-spectrum fit. The blue diamonds in graph (b) correspond to a W parameters fitted individually for each pressure in the SDNGP single-spectrum fit analysis when Re(ν opt ) is constrained to the value from the SDNGP multi-spectrum fit. The green solid line is the frequency of optical collisions ν diff calculated from the mass diffusion coefficient. 48 a W parameters for the R(24) line are suggestive of strong numerical correlations between them. The black points correspond to the parameters obtained from the SDNGP singlespectrum fits with Re(ν opt ) and a W both fitted. The straight dashed lines are the Re(ν opt ) and a W values obtained from the SDNGP multi-spectrum fit. The blue diamonds in Fig. 6(b) correspond to single-spectrum fits of the SDNGP in which the Re(ν opt ) was constrained to the value from the multi-spectrum fit and a W was fitted individually for each pressure. Consequently, the fitted a W is expected and observed to be nearly pressure-independent. Moreover, the large scatter in the fitted values of a W and their uncertainties are significantly reduced. Therefore, the additional constraints provided by the multispectrum fitting procedure was necessary to properly treat the correlations between the Re(ν opt ) and a W parameters. The green solid lines plotted in Figs. 3(a) and 6(a) correspond to the frequency of velocity-changing collisions calculated from the mass diffusion coefficient 48 (ν diff = 5.5 kHz/Pa). By comparing the ν diff and Re(ν opt ) values, one may estimate the contribution of correlation between velocity-and phase-changing collisions (v-p correlations) into the lineshapes of the investigated CO 2 lines. In Fig. 3(a) , the Re(ν opt ) values obtained from NGP singlespectrum fits agree with ν diff for pressures up to 12 kPa. This incidental agreement can suggest that there is no need for inclusion of v-p correlations or speed dependence of collisional broadening for the R(24) line. However, such conclusion can be incorrect as first shown by Duggan et al. 61 for CO lines. We have already shown that the NGP is inadequate for modeling the data, and that the speed dependence of collisional broadening has a much greater contribution to the total narrowing of lineshapes than the Dicke narrowing effect. Moreover, the retrieved value of the Re(ν opt ) from the SDNGP multi-spectrum fit, presented in Fig. 6(a) as the red dashed line, is almost one order of magnitude smaller than ν diff . This is indicative of v-p correlations for the R(24) line. Similar conclusions were drawn for the R(30) line.
Correlations between phase-and velocity-changing collisions (v-p correlations) are another source of lineshape asymmetry and cannot be ignored when asymmetry has been observed. To properly account for v-p correlations, we performed the multi-spectrum fit analysis with the partially correlated SDNGP (pCSDNGP) for both investigated lines. The residuals and QF multi values from the pCSDNGP fits are presented in Fig. 6 and are observed to be similar to those obtained from the SDNGP analysis. It should be noted that both mechanisms of lineshape asymmetry, namely, the speed dependence of collisional shifting and v-p correlations, were considered in the presented fits. A comparison of the QF multi factors for the pCSDNGP with (a S = 0) and without (a S = 0) speed-dependent asymmetry shows that the speed-dependent asymmetry can be well simulated by the v-p correlation asymmetry. To quantify the contribution of the v-p correlations into the total narrowing and asymmetry, we calculated the correlation parameters, η Γ and η , based on the ν diff value and pCSDNGP multi-spectrum parameters of Re(ν opt ), Im(ν opt ), Γ , and . The results are η Γ = (0.231 ± 0.008), η = (0.51 ± 0.12) for the R(24) line and η Γ = (0.2202 ± 0.0024), η = (−0.024 ± 0.051) for the R (30) line. The small relative uncertainties of the η Γ parameters of about 3% and 1% for the R (24) and R(30) lines, respectively, confirm the occurrence of v-p correlations in the shape of investigated CO 2 lines. Moreover, a small value for η obtained for the R(30) line suggests that there is minimal v-p correlation asymmetry for this line. This is also confirmed by a relatively small difference between QF multi obtained from the pCSDNGP analysis with (a S = 0) and without (a S = 0) speed-dependent asymmetry. On the other hand, the η value for the R(24) line is surprisingly high. However, the slightly worse residuals obtained for the R(24) line indicate that additional lineshape asymmetry may be introduced by instrumental errors. It should be noted that the collisional shift, , is a much smaller effect than collisional broadening Γ ; therefore, a quantitative analysis of Im(ν opt ) and a S is more challenging experimentally than analysis of Re(ν opt ) and a W .
A test of the multi-spectrum fit parameters of Im(ν opt ) and a S describing v-p correlations and speed-dependent asymmetries, respectively, is demonstrated in Fig. 7 7. A test of the multi-spectrum fit parameters Im(ν opt ) and a S . The black points are the parameters obtained from the pCSDNGP single-spectrum fit analysis. Numerical correlations between the Im(ν opt ) and a S parameters in the single-spectrum fits are evident from the large scatter. The red dashed lines are the Im(ν opt ) and a S values yielded by the pCSDNGP multi-spectrum fit. The blue diamonds in graph (a) correspond to Im(ν opt ) from the pCSDNGP multispectrum fit. The blue diamonds in graph (b) correspond to the a S parameters fitted individually for each pressure in the pCSDNGP single-spectrum fit analysis where Im(ν opt ) is constrained to the value from the pCSDNGP multi-spectrum fit.
black points show the fitted Im(ν opt ) and a S values obtained from the pCSDNGP single-spectrum fits. The large scatter suggests that they are correlated. The red dashed lines are the Im(ν opt ) and a S values obtained from the pCSDNGP multi-spectrum fit. The blue diamonds in Fig. 7(b) correspond to single-spectrum fits of the pCSDNGP in which the Im(ν opt ) was constrained to the value from the pCSDNGP multi-spectrum fit, and a S was fitted for each pressure. In addition, we constrained the pressure dependence of Re(ν opt ) and the pressure independence of a W , and we fixed their values to those obtained from the pCSDNGP multi-spectrum fit. As observed before, the fitted a S are nearly independent on pressure and the scatter in the fitted values of a S is greatly reduced when Im(ν opt ) is constrained to the value from the multi-spectrum fit. The recommended parameters describing the shape of the R(24) and R(30) lines, obtained from the pCS-DNGP multi-spectrum fits, are assembled in Table I . Comparisons of the integrated line areas per unit pressure and the collisional air-broadening coefficients retrieved from the multi-spectrum fit analysis with the use of differ-ent lineshape models in relation to the pCSDNGP are presented in Fig. 8 . The VP differs from the pCSDNGP by 0.6% and 2% for the line area and collisional broadening coefficient, respectively. The GP, NGP, and SDVP differ from the pCSDNGP by less than 0.1% for the line area. However, for the Γ values, the GP and NGP results differ by more than 0.6% from the pCSDNGP, whereas for the SDVP the difference is only about 0.1%. The areas and collisional broadening coefficients obtained from the SDNGP are very close to those retrieved from the pCSDNGP. It should be noted that collisional air-broadening coefficients given in the HI-TRAN2012 database are systematically lower by almost 6% and 2% compared to values obtained from pCSDNGP and VP fits, respectively. Note that the error bars presented in Fig. 8 arise from the uncertainty in the fit. Moreover, the large error bars of Γ /Γ pCSDNGP for the HITRAN2012 case correspond to a reported 2% relative uncertainty of the collisional airbroadening coefficient. Finally, observed fluctuations of the CO 2 concentration in the CO 2 -air mixture measurements are responsible for the large uncertainty of area per unit pressure coefficient and also for the large error bars of A/A pCSDNGP for all of the investigated lineshape models.
CONCLUSIONS
A lineshape analysis of two air-broadened rovibrational CO 2 transitions near 2.06 μm was performed with spectra recorded with a frequency-stabilized cavity ring-down spectrometer. Two main line narrowing mechanisms -velocitychanging collisions and the speed dependence of collisional broadening -were identified in the total lineshape. To quantify the individual contribution from both narrowing effects and remove their correlation, the multi-spectrum fit technique was incorporated into the SDNGP lineshape analysis. In addition, a noticeably smaller value of the frequency of optical collisions retrieved from the SDNGP multi-spectrum fit compared to the value calculated from the mass diffusion coefficient revealed evidence of correlations between the phase-and velocity-changing collisions for both the R (24) and R(30) transitions. Moreover, small asymmetries in the lineshapes were also observed. However, this asymmetry can be equally well ascribed to either the speed dependence of collisional shifting or to the correlations between phase-and velocity-changing collisions. Consequently, we concluded that the partially correlated SDNGP (pCSDNGP) 15 profile is the most appropriate model considered here to reproduce the experimental lineshapes at a high quality level. Experimental tests of pCSDNGP have also recently been reported for O 2 44 and H 2 O. 65 Furthermore, efficient algorithms for calculating the pCSDNGP line profile have been developed 28, 66, 67 and is strongly recommended for modeling lineshapes in the spectrally isolated regime. 68 We note that an alternative nomenclature in the literature for the same pCSDNGP profile used here is the partially correlated speed-dependent hard-collision profile. 65 In the case of quadratic speed-dependence, the following names were used as well: partially correlated quadratic-speed-dependent hard-collision profile (pCqSDHCP), 28, 66-68 partially correlated quadratic-speed-dependent Nelkin-Ghatak profile, 43 and Hartmann-Tran profile (HTP). 68 Experimental data were also fitted with the commonly used VP. However, we showed that it is not sufficient for modeling CO 2 transitions with the accuracy and precision demanded in remote sensing applications. We noticed 2% and 4% biases introduced by the VP in the retrieved airbroadening parameters compared to the values obtained from the recommended pCSDNGP and HITRAN2012 database. Moreover, it is interesting and remarkable that lineshape models incorporating only the Dicke narrowing effect (GP, NGP) provide systematically lower values of collisional air-broadening coefficients by about 0.6% compared to pCSDNGP. Finally, we acknowledge the necessity of more comprehensive lineshape models that incorporate collisional line-mixing at higher pressures for utility of the broader remote sensing community.
